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Abstract

Ihe inner-valence (2.-3'6eV) photoelectron spectrum of

N, iL interpreted by comparina with various spectra (such as
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t
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Yield. fluorescence--vield. and core-level

(hvt.jn'Iectrnn spectra) and with theoretical calculations.
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1. Introduction

The photoelectron spectrum 'ES) by Nynolm et al. LIJ,

the lower spectrum in Figure 1, clearly shows +our bands

around 25eV(C), 29eV(F), 33eV(E), and 38eV(H), and probably

a weak band around 35eV(U). The recent measurement by

Krummacher et al. £2], the upper spectrum in Figure 1,

confirms the presence o+ these bands. H band, the stronqest

and broadest band amono the live bands, is Inown to consist

of several Q states that borrow their intensities rom

2
a
,
-" configuration. In this letter, we assiqn symmetries

and dominant electronic confiquratioris to the L. F. L, and 3

bands.

First, we obtain symmetries Arid (IL11mi aft c.onL4Ljratlons

from experimlents by conmpariiq tie FELb .ith cith.r spectra.

such as the b xjrption spectrum. the N - .,iE.J., apectrum, the

core- evel F-'FS. arid a valence.- leve] 'L -)I c. ditferent

photon energy. Then. we compare the unt iij,-d symmetries and

configurations with published theor~tAIL c.cultions.

2. §sieryMgd.By9Aergsats and the invyer in sL Spry C:t

i on-core Itate.

There is i close relationship between 3n usoer,.,ed (that

is. dipole--a Icwed) Hydberq state and the inversion symmetry

of its ion-corc, state. Rydberq states thAt are e;'cited from

the N2  round state, ' m', by dipole transitions should have

"u" symmetry because the dipole operator has "u" symmetry.

-~ -



if a FRvdberq state l-ns or I-rid is observed, Its ion-core

state I should hzive "u" symmietry because Rydberg orbital ns

or nid has "qg" i.ymmetr'. If a R'ydberg state i-np is

cobserved, its ion-Lore state I should have "g" symmetry

DecaUSL- Rvdberg orbital rip has "u" symmetry.

Figurez shows how we identify the C-3d, F-3p, F-4pq

,And E-'*s FRvdberci states in the absorption. (ABS) and N--yield

5pvc t ri. Ihe solid bars in the middle of the figure denote

the Rydoerq-electron binding energies that are estimated

ftcont the Hvdbero states converging to the one-hole (1h)

bt c t &'. fNote that the t,:(rd widths of the C and C-.-2d states

er-E- f-ifmlhIar aind that those of the F and F--3"p states are also

'-SI III I Ir. %i vibrational progressions are identified for

t,,- L- 'd stAte. Dctoils of this identification will be

pblIi -t.!d "I .ewiiere.

the Libiervation of the C-.%(d. F-3'7p (or U--4p), and E2

i-YdbercJ Atute Implies that thet, L, V-. and E ionized states

n a c'e Q ind "i " iymrnetr i es, respec t ivelIy.

tIhoton-energy.yariation ofFES

loni~ation into two--hole, one-electron t2h-le) states

or thiree-hole, two-electron (_*h-4e) states. is fo~rbidden,

because it invclves a two- or three-electron-iump

troinsition. -h--le or .-Th-2e stcites gain their intensity

thr OUEti cont iqurati on--interact ion (CI) mixinq with Ih

States. In a configuration interaction, only the states

* *A



th.-it have the same svmnietrv can mix with each other.

Therefore, the bands that are clearly observed in PES (such

as the C. F, E. and 13 bands) should have either =EQ* (the

svmmetr v of the 2- and 3u
- 

states) , -l., (the symmetry

uo the :u,. I state), or 2rl, (the symmetry of the li,,

state).

t 1 qurc, I c omp:res FES s of di Fferent photon eneraies.

Wher, thv photon enerqv is decre'ased from 148.7eV to 5,'..eV,

the '.o,, I and JI,. I iritsznsities increase relative to the

* £,, intens it, ind iJ:o Ithe F intens tv increases rel ,ti ie

to the k.. F. 6. ,nd H iitensities. 1hFse relative increases

are depir ted !,y sh.Aded t -r.ac in the +iaure. rhe

si mul tarneotus itc rrases of the TOM-.1, L.. - and F

iritensities -i'acest that the state wl :es with either the

:.a-a or Ix,. I statu ancd also that the f, E. and G states do

not mix with these states kthat is. the C, L. and G states

mix with either the 2o, I or 'a,, I state).

In the precedino section. we have cOncluded that the F

state should have "Q" symmetrv. Combinriin this and the

above conclusion that the F state must mi:x with either the

3.
- 

or l,
-

, state, we conclude that the F state mixes

with the 3o,--l and 2a, I states. Since the C and E states

should have "it" symmetry and must mix with either the 2ea
-

'

or 2o.. I states, we conclude that the C and E states mix

with the ro,; - state. In summary, the F state has the 
2
E



symmetry: the L and E states have the IL,,- symmetry: and the

G state has the E'Y symmetry.

4. I he L fu- I tshal e-up sta~tes

the na-
1

x,, 11T. confaQUrat2on olves two 'E* states.

. '"fh , their eneroies re af je t,- the -' (no 1)

state that is,. the no -'o ti., i l )- L*(no I, enerQles)

Arr ,L ro' imotcl,, indepndent of the 'o -1 hole. Here. the

no"1 hc', , moy b I0 :o., '. or T-o. '. The followinq

onF , 1i. 1, OJA'e r" n -iS assLiMption.

Ih-. * olnl,, 'lt tates have been identified as

the lr'w two ',h-,e--'ip peaJs in the core-level PES (the

middl -:rd bot.tom spectra of Fiqure Z) L 3J. the second-

J ost, -h A e-.1p pea[ is much stronqer than the lowest

aI,:--uL p:)af . ns seen in Fi aure +, indicatinq that the

hiah_'r " I l i_,, lIj ) state mixes more stronaly with the

ULko 1 st,4tfu.

Wht,,n the io
-
1 peal, of the core-level F'E5 (the middle)

is 0li'Mrd ith the o
- 

pea: of the valence-level PES (the

top), the 2(lo--llw.il,) shake-up peaks nearly align with

the C and E bands. , as shown in the figure. This agreement

suclQests that the C and E bands are the =E-r
1

t-l-I)

shaLe-up states from the 3 
-
' hole. In the preceding

section, we have concluded that the C and E bands should

have the 2E.,- symmetry. This conclusion confirms the above

:. ..,., , *.,-,- :: . ---'t : ? .. -- . .-
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statement. In su,,nary, the C and E bands should have the

aE- symmetry and the 30a-l?..,lw configuration.

When the l-I- peak of the core-level F't (the bottom)

is aligned with the 2o, -  peak of the valence-level PES (the

top), the = 1e 1 1 -l~a) shake--up peaks nearly aliqn with

the F and 6 bands (see Figure [,). (his agreement would

suggest that the F and L bands are the I , x l)

states of the 2a --' hole. However, the core-level FLS also

suggests that the 6 band should be stronoer than the F band,

contrary to Fiqure 3. We atlribute the H' band, which 1,.

indicated in Fi qure I, to the higher 1L. k2o,,'lI ,x- "II )

state. This assignment will be 01ECLussed elsewhere. in the

pre-dirq bection, we concluded that the f band should ha .e

the aQ symmetrv. [his fcr.cluiior CLitirfrin ttie A o,

Il'iir assiqnment of the bard.

t5. Eand widths of _PES

based on their bonding (..;.a and l%,.) -And antinondinq

(2a.. and w.) characters, we ':.pect that the j-WHM s o$ the

two -. ($oq *l ,-'XQ) states are similar to each other and

are larger than the FWF-l s of the =} 2i'o,. I,- I , 1)

states. Schirmer et at. 14] calculated the -WH t- tur taL

states and confirmed the above e;'pertation: '.obeV and

2.12eV for the 1E_13e1 III t. vl:) states and I.24eV ior the

lower Ise2a, - lt.) state.

V~

"AIL



the observed FWHr's(Oj2.2IeV) ot the C and L bands are

si miltar to each ot her and are l1arqer than the obser ved EWI-M (%

1.6eV) ot the F bornd. these observed hard widths suipport

the C 4
L,) 'tf'ACl& E.3 0 Aivt~, and P

fl 'tzo,'11.. 'lin, a~signments. [the C C iEI I

assignment haas been) well e-stab Li shed through stUdies on the

C-A tr-'iwi tinni

b . fit-or eti, .kl t ictil ot ions

I-itiir' c npiresthe exper imental results (the + irst

-ot ear) wi th pklo ished thenreti cat cal Ciiiations (the

rendlilIgI c~jUhnr.b , . I hE s haded bars depict the band-peak

eniE-rgci & sI r,i t-'F S. the -,yirnetr 1)5 6 nd the dominant

ontiotr Atiuiir, in the t iret. COl LICO are', those determsined in

the- prLe I)q -/ CI t i cri. i hte J- :1indi it es the presence of

Luth 2 cu arid -.(, riiirg, And the -<,indicates the

oIUseflcC ut trec (J.0  mi luc11j

Ihtuor etiCal cialcUIAtionS srhown are the lowest sci::

btate% that have e ither 5
L, H.. or -'2 ymmetry,

C clUdinq the A '4L ' -o ', A Il. l. ttr , " ,,

states. Solid Liars show thie r:alcutlaed vertic-al iorization

put erti ate, and the? numhers above or 5e ccw rhe bars aive the

tin--holte ail; trici iritensi ties. She- 11V cjate- aai es with two

one-hole 5t.states, the ov I anid -z:oa I cates; thr, upper

number denotes the 2a0m mixingc irterisityv. the symmetries

and the dominiant cornfigUrationsi in the last coIlmn are

determined frcom calculations.

-ow.
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he computational methods used w-re the partitionirc Cl

(K.OSLAQi et al . t/JI * the polarizatijr, FI L.iniijhctt et 'Al.

L83), the MnLdticonIF2ior.Itional breen's fUnction I.Ni chols e-t

3*1l. L91), and the eq~ation-of -motion tireen's function

SHermAn et a-1. L103)). KOSUQi s. Lanqho+4 s and Nichols'

C:.lculaticons in)cIlude the lh, 2h--le, and 3h-.-e

r'oniurAtions. but Herman's calculation includes only the

lh :,od 21o- I ( onfi ourati ons. Calcul at ions that are niot

;hvnir FiiuLre 4, such as those by Schirmer et al. Lt4.ll .

ond the 3inal e-r_;-ci tati on Cl and 2ph-- I DA Green s 4unct i on

* calcutl ktions in Ref . L83 ,A]s0 InIClude only the lh and 2h-le

coin icurations and give resultcs similar to Herman s

CaJCUlal-morn. Pt hAs been demonstrated 17.81 that the

i r(: 1 tA'u)i or the .*.h--2e L nFf Qur at ions i :,P Ssenti1al to

prrvide acr~uracwv for the hi oher statesn Abo,,EL izeV.

For the G a:.nd F bands, the theoretical Ca1l ationS

almost reprodi.ice the Pxperimental results for the band

erierrjiec. thwe band intensities, the symmetries, and the

dominant electronic confiourations. The theoretical

Calculations except Nichols' calculation aoree on the amount

of mixing in the P state. The Calcul ated intensity

for the on- state around 28eV is too weak to be obtserved.

For the E band, Kosugi S and Lanahoff s caClulations

agree with the experimental results for the band enerciims,

the hand intensities, the symnmetries, and the dominant

electronic conf iguration. Note that the calculated



intensity +or the -'H State arOuknd 3--eY is too weal to

assiqn to the E b~Ind.

Fcnr the hand, the theoretical CalCUlations acree with

tht- eimna re-ults for the band enerqv. band

Lnt( 1o51 tv * the c7'.'metr v and the near absence of .7c.- 1

mi i rLj. !I!E tti ouret if-al domiriant r onfla urat ion u..r.- ll£ -

. I--o (jni~Utcrit with the experimental evidence that

U', 1I, 1 x_ i !-, rot a domtinant. Lcinf iouration. Based on

thi ireerint , wo -iai in the I~~o lw.- "Ixo2) state to

the 5 b od.

I r.: obove rormpar i s:.nF suqest that lLosutqi s and

Lancjhoi t -, -. al rkl a ti1on'n -Are r el iablIe. These two

. 1 Lc'l jt. 1Onl - ('uIf AILt a I nw- intensi ty "cI. 2_. I 2a_ Iwx) band

,Irtotric .1 !.eYV. lhicz U-And is e::pected to be sharper than the F

Leind - .,doina from i,7s rontrqruration) and to show the

1-,1,. 'rn i F, rrqv' vcr ,ti on si mi I ar to that of: the F band (see

I. II . Hil Cilire -' of Reference [23. wte can recoqnize a

1:~r~I,-intL-n~it,. band at 55 e.which seems to show the

,:pe tfe t-hctr:n--enferqy variation. FUrthermore, a 31.5eV

g)F: in) the fILurrescence spectrum [I-"] can be attributed to

hP --d or 4s , hvdheru state convero3inoj to this ionized state

.4 5.feY. i sed on these evi dence. we identify the sharp

lowiriernitvband at i75.5eV in the PES as the 2 R,,(3e,-2ay.-

II,) state.
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O lgkmtr e Captions

Fic. 1. Gomparison of photoelectron spectra ta:en at two

different incident photon energies. ]he shaded

areas indicate the relative increase in the band

intensities at the 50-.3eV photon energy in

comparison with tnose at the 1487eV photon energy.

Fig. 2. Indentit2cation of the Rydberg states converging to

the L. F, and E ionized states.

i IC. 2. 1he "I: -l " I x.) shake-up states observed in

the valence-level and core-level PES.

FXq. 4. Lomparison of the experimental results with

pvblished theoretical calculations.
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